1. Introduction {#sec0005}
===============

Breast cancer, one of the most common cancer in women, is globally diagnosed by physical examination, breast scan and tissue biopsies. A total of 2.089 million new cases of breast cancer were identified in 2018, of which ∼627,000 cases died. This accounted for approximately 15% of all cancer deaths among women globally \[[@bib0005]\]. In 2018, the highest numbers of breast cancer cases were reported from Asia (9,11,014) followed by Europe (5,22,512), North America (2,62,347), Latin America and Caribbean (199,734), Africa (1,68,690) and Oceania (24,551) \[[@bib0005]\]. Although very common in women, breast cancer rarely occurs in men \[[@bib0010]\]. A vast heterogeneity in breast cancer molecular profiling has been reported \[[@bib0015]\]. Based on the ER/PR and HER2 expression, breast cancer can be of 4 types: (i) ER/PR+, HER2+; (ii) ER/PR−, HER2+; (iii) ER/PR+, HER2−; and (iv) ER/PR−, HER2− \[[@bib0020]\]. The most aggressive breast cancer is ER/PR−, HER2− (also called triple negative breast cancer, TNBC) because no receptor is present on these tumors. It is estimated that 70% of the breast cancers are hormone receptor positive (70%) and can be treated with corresponding therapies \[[@bib0025],[@bib0030]\]. In addition to hormone receptors, other biomarkers used for clinical, pathological and molecular characterization of breast cancer include Ki67, p53, CA153, CEA, BRCA1/BRCA2 etc. \[[@bib0035]\]. These molecular biomarkers in breast cancer are used for diagnosis, staging and grading, therapeutic intervention, prognosis as well as clinical management of recurrent and metastatic cases \[[@bib0040]\].

2. Current breast cancer therapy {#sec0010}
================================

Unlike a decade ago, clinicians today have multiple choices for breast cancer treatment depending on the size, stage, grade, metastatic behavior, aggressiveness and intrinsic molecular subtyping of tumor, age, menopausal status, overall health, comorbidities, and preferences of the patient \[[@bib0045], [@bib0050], [@bib0055], [@bib0060], [@bib0065]\]. Chemotherapy, hormone therapy, immunotherapy, radiotherapy, and surgery are the common modalities for breast cancer \[[@bib0050],[@bib0070]\]. Primary choice of treatment usually includes surgery with the aim of complete resection of the major tumor mass on the first hand. Breast conserving (lumpectomy) and breast reconstruction surgeries, mastectomy or lymph node dissections are performed initially in the breast cancer patients \[[@bib0075]\]. Surgery may be preceded with the systemic neoadjuvant therapies in order to shrink the tumor for effective surgery and to maximize breast conservation. For example, in HER2+ cases, Trastuzumab (Herceptin) and Pertuzumab (Perjeta) are given as neoadjuvant therapy and only Trastuzumab is continued post-surgery \[[@bib0080],[@bib0085]\]. Surgery is mostly followed by chemotherapy or radiotherapy to further destroy the remnant micrometastatic cancer cells that have escaped the breast or lymph nodes, to decrease the chances of recurrence and to increase the overall patient survival \[[@bib0070],[@bib0075]\]. The adjuvant (additional) therapies i.e. hormone or targeted therapy are provided to breast cancer patients depending on the expression of hormone receptor or target protein, respectively \[[@bib0045]\]. The ER/PR + breast cancer patients are given tamoxifen and aromatase inhibitor together or alternatively after the surgical resection \[[@bib0090],[@bib0095]\]. Likewise, trastuzumab (herceptin) is mostly recommended to the HER2+ breast cancer patients \[[@bib0100]\]. TNBC patients are difficult to treat, with unfavorable prognosis and are generally administered with the standard chemotherapy along with the PARP inhibitors or the DNA-targeting platinum drug (carboplatin) \[[@bib0105],[@bib0110]\]. Another strategy is based on the holistic approach of patient recovery i.e. complementary and alternative medicine. In the holistic approach, the patients are advised for several life style changes like exercise, yoga, meditation, acupuncture and/or Ayurvedic treatments in addition to the standard therapies \[[@bib0115]\].

The United States FDA has approved a number of drugs for the breast cancer therapy ([Table 1](#tbl0005){ref-type="table"} ). However, these drugs are very costly and produce numerous side effects \[[@bib0030],[@bib0120]\]. The common reported side effects in patients include fatigue, headaches, pain, numbness, dental issues, lymphedema, musculoskeletal symptoms, heart problems, blood clots, menstrual and menopausal symptoms, infertility, bone loss, and memory loss. These side effects are hard to be tolerated by the patients who are already weakened by the disease. Eventually these also affect the decision for further choice of treatment and impair the quality of life. This necessitates the development of novel drugs for breast cancer therapy.Table 1A list of clinically approved drugs for breast cancer therapy.Table 1DrugType of breast cancerMolecular mechanismSide effectsChemical nameCommercial nameCategoryAbemaciclibVerzenioCDK4/6 inhibitorER+, PR+, HER2-, advanced and metastaticControls cell divisionAbdominal pain, anemia, decreased appetite, diarrhea, fatigue, headache, infections, nausea, neutropenia, leukopenia, thrombocytopenia, vomitingAdo-transtuzumab- EmstansineKadcylaTargeted therapyHER2+, early stageReduces cell growthAnemia; bone, joint and muscle pain; constipation; headache; heart, lung and liver problems; low blood platelet count; low potassium levels; nausea; nerve damage; tiredness/fatigueAlbumin bound-paclitaxelAbraxaneTaxanesAdvanced stageInhibits growth of dividing cancer cellsNeutropenia, leukopenia, anemia, edema, hair loss, nausea, vomiting, diarrhea, neuropathy, muscle or joint painAnastrazoleArimidexAromatase inhibitorER+, PR+--Depression, fatigue, headache, hot flashes, increased or decreased appetite, joint pain, lower bone density, mild diarrhea, mood swings, nausea, sweating, temporary hair thinning, vaginal dryness, weaknessAtezolizumabTecentriqImmune checkpoint inhibitorTNBC, PD-1+, Advanced stageElevates anti-tumour immuno responseLung, liver, intestinal and hormone gland problems; infection; hair loss; neuropathy; nausea; diarrhea; anemia; constipation; cough; headache; neutropenia; low appetite; vomiting; fatigueBevacizumabAvastinTargeted therapyHER2-Anti-angiogenicBleeding from nose, high blood pressure, proteinuria, kidney malfunction, fatigue, neutropenia, leukopenia, diarrheaCapecitabineXelodaAntimetaboliteMetastaticFalse incorporation in DNADecreased appetite, dehydration, diarrhea, hand-foot syndrome, irregular periods, mouth and throat sores, nausea, vomitingCarboplatinParaplatinPlatinum basedAdvanced stageDamages genetic materialFatigue, nausea, leukopenia, kidney and nerve damage, hair loss, loss of appetite, irregular periodsCyclophosphamideCytoxanAlkylating agentEarly and advanced stagesDamages genetic materialAppetite loss, diarrhea, hair loss, irregular periods, leukopenia, mouth sores, nausea, vomitingDarbepoetin alfaAranespErythropoiesis stimulating agentTo treat anemia caused by chemotherapy--Abdominal pain, blood clots, constipation, diarrhea, headache, heart problems, joint and muscle pain, nausea, stroke, vomitingDaunorubicinCerubidineAnthracyclinsEarly and advanced stagesDamages genetic materialNausea, vomiting, loss of appetite, stomach pain, diarrhea, difficulty swallowing, hair changes, skin sensitivity, rash, nail changes, irregular periodsDenosumabXgevaRANKL inhibitorAdvanced stageLimits osteoclasts activityBone pain, nausea, vomiting, fever, fatigue, constipation, diarrhea, loss of appetite, teary eyes, heartburn, mouth sores, depression, vaginal discharge, hand-foot syndrome, hair changes, osteonecrosis of the jawDocetaxelTaxotereTaxaneEarly and advanced stagesInterferes with cell divisionAllergic reactions; constipation; fatigue; fluid retention; hair loss; irregular periods; leukopenia; muscle, bone or joint pain; nail changes; nausea; neuropathy; sores; susceptibility to infection; taste changes; vomiting; watery eyesDoxorubicinAdriamycinAnthracyclinsAdvanced stageDamage genesAnemia, diarrhea, edema, hair loss, infections, leukopenia, muscle or joint pain, nausea, nerve damage, vomitingEpirubicinEllenceAnthracyclinsEarly and advanced stagesDamages genetic materialNausea, vomiting, diarrhea, mouth sores, hair loss, leukopenia, neutropenia, irregular periodsEpoetinEpogenErythropoiesis stimulating agentTo treat anemia caused by chemotherapy--Abdominal, joint and muscle pain; blood clots; constipation; diarrhea; headache; heart problems; injection site pain; nausea; stroke; vomitingEpoetin alfaProcritErythropoiesis stimulating agentCombination to treat anemiaMakes more red blood cellsBlood clots, constipation, diarrhea, headache, heart problems, itching, joint pain, muscle pain, nausea, neuropathy, rash, sleeping problems, stomach pain, stroke, vomitingEribulinHalavenMicrotubule inhibitorAdvanced stagesDisrupt cell divisionLeukopenia, neutropenia, anemia, fatigue, weakness, hair loss, neuropathy, nausea, fever, constipation, irregular periodsEverolimusAfinitormTOR inhibitorHER2+, HER2-Interferes with mTOR kinaseLung, breathing and kidney problems, mouth sores, infections, rash, fatigue, diarrhea, decreased appetiteExemestaneAromasinAromatase inhibitorER+, PR+Lowers ER amountHot flashes, mood swings, depression, nausea, fatigue, increased sweating, increased appetite, weakened bonesFilgrastimNeupogenGCSFCombinationIncreases neutrophilsBone, joint, stomach and muscle pain; headache; nosebleeds; spleen rupture; fever; trouble breathing; rash; itchingFilgrastim-sndzZarxioGCSFCombinationIncreases neutrophilsBone, joint, stomach and muscle pain; headache; nosebleeds; spleen rupture; fever; trouble breathing; rash; itchingFluorouracilAdrucilAntimetaboliteEarly and advanced stagesFalse nucleotide incorporationDiarrhea, loss of appetite, mouth sores, nausea, taste changes, vision problems, vomiting, leukopenia, neutropenia, hand-foot syndrome, irregular periodsFluoxymesteroneHalosteinHormone therapyER+, PR+, advanced stagesLowers estrogen amountHeadache, facial hair growth, nausea, acne, anxiety, insomniaFulvestrantFaslodexHT-ERDER+, PR+, HER2-, Advanced satgeBinds to ERBack pain, constipation, diarrhea, headache, hot flashes, injection site pain, nausea, sore throat, stomach/abdominal pain, vomitingGemcitabineGemzarAntimetaboliteAdvanced stagesFalse nucleotide incorporationFatigue, leukopenia, neutropenia, hair thinning, nausea, anemia, diarrhea, irregular periodsGoserelinZoladexHT-LHRHER+, PR+, Early stageReduces amount of estrogenBone pain, breast tenderness, headaches, Hot flashes, loss of libido, vaginal dryness, weight gainIxabepiloneIxempraEpithilone chemotherapyMetastaticInterferes cell divisionAbdominal, bone, join and muscle pain; constipation; diarrhea; fatigue; hair loss; hand-foot syndrome; headache; heartburn; insomnia; irregular periods; nausea; skin problems; taste changes; vomiting; watery eyes; weakness; weight lossLapatinibTykerbHER2 inhibitorHER2+Reduces tumour cell growthDiarrhea, fatigue, insomnia, liver problems, loss of appetite, mouth or throat sores, nausea, neuropathy, rash, vomitingLarotrectinibVitrakviTyrosine receptor kinase inhibitor--Inhibits cell growthFatigue, nausea, dizziness, vomiting, liver problem, cough, constipation, diarrhea, Infection, fever, abdominal painLetrozoleFemaraAromatase inhibitorER+, PR+, Early and advanced stagesLowers estrogen amountBody and joint pain, nausea, mood swings, depression, headache, weakened bones, fatigue, difficulty breathing, high cholesterolLeucovorinFolinic acid, Wellcovorin, Citrovorum factorFolic acid (B9 Vitamin)CombinationProtects healthy cellsAllergic reaction, nausea, vomiting, diarrhea, mouth sores, seizures, faintingLeuprolideLupronHT-LHRH agentER+, PR+, early stageReduces estrogen amountHot flashes, mood swings, loss of libido, osteoporosisLipoosomal doxorubicinDoxilAnthracyclineAdvanced stagesDamages genetic materialHand-foot syndrome, hair loss, irregular periods, leukopenia, loss of appetite, low platelet counts, vomiting, nail changes, mouth sores, nauseaMegestrolMegaceHT-ProgestinER+, PR+, Advanced stageSuppress the effects of estrogenLoss of libido, vaginal bleeding, insomnia, gas, rashMethotrexate or amethopterinMexate, Folex, RheumatrexAntimetaboliteEarly and advanced stageFalse building blocksDiarrhea, hair changes, irregular periods, rash, joint pain, loss of appetite, nausea, mouth sores, swelling in the feet and legs, vomitingMitoxantroneNovantroneAnthracyclineAdvanced stageDamages genetic materialBack pain, constipation, diarrhea, fatigue, hair loss, headache, heartburn, irregular periods, leukopenia, loss of appetite, mouth sores, nail changes, nausea, neutropenia, vomiting, weaknessMutamycinMitomycinAntibioticAdvanced stageDamages genetic materialFatigue, hair loss, irregular periods, low white blood cell counts, mouth sores, nausea, susceptibility to infection, vomitingNeratinibNerlynxHER inhibitorHER2+, early stageInhibits cell growthAbdominal pain, diarrhea, fatigue, liver problems, mouth sores, nausea, rash, vomitingOlaparibLynparzaPARP inhibitorHER2-PARP inhibitionAnemia, nausea, fatigue, vomiting, leukopenia, upper respiratory infections, cold and flu symptoms, diarrhea, bone and joint pain, changes in sense of taste, headache, decreased appetite, constipation, mouth soresPaclitaxelTaxolTaxaneEarly and advanced stagesInterferes with cell divisionAllergic reactions, diarrhea, hair loss, irregular periods, leukopenia, mouth sores, neuropathy, susceptibility to infection, vomiting, weaknessPalbociclibIbranceCDK 4/6 inhibitorER+, PR+, HER2-, Advanced stageControls cell divisionAnemia, fatigue, nausea, neuropathy, mouth sores, hair loss, Diarrhea, vomiting, weakness, decreased appetite, neutropenia, infections, blood clotsPamidronateArediaBiophosphonateBone complicationsLimits bone damage by osteoclastsAnemia, bone pain, fatigue, fever, loss of appetite, nausea, osteonecrosis of the jaw, vomiting,PegfilgrastimNeulasta, NeulastimGCSFCombinationMake more neutrophilsStomach, left shoulder, bone, joint and muscle pain, spleen rupture, fever, breathing problems, rash, itching, headache, weakness, constipation, vomiting, swellingPertuzumabPerjetaHER2 inhibitorHER2+, early satgeReduces growthBirth defects, diarrhea, fatigue, hair loss, nausea, neutropenia, peripheral neuropathy, rashRaloxifeneEvistaSERMsER+, PR+Reduces ER amountBlood clots, depression, hot flashes, irregular periods, joint pain, mood swings, trouble sleeping, vaginal discharge or bleeding, weight gainRibolcicilibKisqaliCDK 4/6 inhibitorHER2-Controls cell divisionBack pain, constipation, diarrhea, fatigue, hair loss, headache, liver problems, nausea, neutro- and leuko-penia, vomitingTalazoparibTalzennaPARP inhibitorHER2-, Advanced stagePARP inhibitionFatigue, anemia, nausea, neutropenia, headache, thrombocytopenia, vomiting, hair loss, diarrhea, decreased appetiteTamoxifenNolvadex, Tamofen, Tamone, SoltamoxSERMER+, PR+, Advanced stageBinds to estrogen receptorBlood clots, depression, endometrial cancer, weight gain, irregular periods, hot flashes, vaginal discharge or bleeding,ThiotepaThioplexAlkylating agentEarly and advanced stagesDamages genetic materialLeukopenia, neutropenia, nausea, vomiting, loss of appetite, fatigue, hair changes, irregular periodToremifeneFarestonSERMER+, PR+Binds to ERHot flashes, nausea, weight gain, skin rashes, headacheTrastuzumabHerceptin HylectaHER2 inhibitorHER2+, Early and advanced stagesReduces cell growth and enzyme helps body in using herceptinBody pain, chills, cough, diarrhea, fatigue, fever, headache, heart problems, infection, insomnia, joint pain, lung problems, muscle pain, nausea, rash, upper respiratory tract infection, weakening of the heart muscleTrastuzumab-dkstOgivriHER2 inhibitorHER2+, early satgeReduces growthDiarrhea, low white blood cell counts, lung problems, peripheral neuropathy, weakening of the heart muscle and other heart problemsTrastuzumab-dttbOntruzantHER2 inhibitorHER2+, early satgeReduces growthChills, cough, diarrhea, fever, headache, infection, insomnia, nausea, rashTrastuzumab-pkrbHerzumaHER2 inhibitorHER2+Reduces tumor cell growthHeadache, diarrhea, nausea, chills, fever, infection, insomnia, cough, rash, low white blood cell countTrastuzumab-qyypTrazimeraHER2 inhibitorHER2+Reduces tumor cell growthHeadache, diarrhea, nausea, chills, fever, infection, insomnia, cough, rashTriptorelinTrelstarHT-LHRHER+, PR+, Early stageReduces amount of estrogenHot flashes, mood swings, loss of libido, osteoporosisVincristineOncovin, Vincasar PES, VincrexVinca alkaloidAdvanced stageInterefers with genesNausea, vomiting, Diarrhea, constipation, hair changes, neuropathy, fatigue, muscle and abdominal cramps, irregular periodsVinorelbineNavelbineVinca alkaloidAdvanced stageInterfere with genesDiarrhea, hair loss, irregular periods, leukopenia, mouth sores, nausea, neuropathy, vomitingZoledronic acidZometaBisphosphonateCombinationLimits osteoclast activityBone pain, nausea, vomiting, fever, fatigue, constipation, diarrhea, loss of appetite, watery eyes, heartburn, mouth sores, depression, vaginal discharge, hand-foot syndrome, hair changes, osteonecrosis of the jaw[^1]

We have previously reviewed the overall process involved in cancer drug development \[[@bib0125],[@bib0130]\]. The drug development for breast cancer like other cancer types is a multi-step process involving the designing, synthesis, characterization, testing for efficacy and toxicities, and approval. Overall, the process is lengthy, involving huge investment of money. It is estimated that the development of a new drug usually requires 15--18 years of time and approximately 2--3 billion dollars. On the top of all this, nearly 90% of the drugs fail during the clinical trial stage due to unexpected lack of appropriate efficacy, unacceptable side effects or regulatory norms \[[@bib0125],[@bib0130]\]. Therefore, the approaches to expedite the drug development process are required. One approach might be finding new uses for old clinically approved drugs (Drug repositioning).

3. Drug repositioning {#sec0015}
=====================

The drug repositioning (aka drug repurposing, drug reprofiling, drug re-tasking, drug redesigning, drug resorting, drug reindication, indication switching, therapeutic switching) can be defined as exploring the new uses for an old clinically approved drug, with reduced risk, time and cost. Drug repositioning circumvents the usual route of substantially higher rates, slow pace and side effects etc. \[[@bib0135], [@bib0140], [@bib0145]\]. It is becoming an attractive concept for pharmaceutical industries. It is estimated that the repositioning for drug development requires much lesser time (3--5 years) and money (\$0.3 billion) with at least known and approved side effects; and higher probability of success \[[@bib0140],[@bib0150], [@bib0155], [@bib0160], [@bib0165]\]. Repositioning of old drugs offer rapid transition from bench to bedside as already approved by FDA and other regulatory norms, passed through the clinical trials and are approved for human use. These drugs have well defined pharmacodynamics, pharmacokinetics, dose, side effects, metabolic profiles and targeted molecular pathway etc \[[@bib0145],[@bib0170]\]. Here, the clinical development can directly start from the phase II trial to assess the efficacy for new indication/disease target. The successful example of drug repositioning includes Sildenafil (Viagra) and Thalidomide. Viagra was originally launched for hypertension and angina pectoris patients by Pfizer (1980). However, the patients developed penile erections as side effects in phase I clinical trial. The drug was later developed for erectile dysfunctions. In 2012, the total sale of Viagra was 2.05 billion dollars \[[@bib0175]\]. Similarly, the sedative thalidomide was serendipitously repurposed for erythema nodosum leprosum (ENL) in 1964 and for multiple myeloma and other cancers in 1999 \[[@bib0180], [@bib0185], [@bib0190], [@bib0195]\].

4. Strategies for drug repositioning {#sec0020}
====================================

Recent advances in genomics, proteomics, transcriptomics and metabolomics have provided vast and deep knowledge about the molecular and metabolic alterations that occurs in cancers. The fundamentals of drug repurposing through the integration of system biology and bioinformatics depends on basic concepts i.e. activity based and in silico drug discovery \[[@bib0200]\]. Activity based drug repurposing is the experimental approach where the drug candidate is evaluated for the anti-cancer activity directly. The drug that is structurally similar would tend to have similar target, shared biological activity and indications \[[@bib0205]\]. In the two diseases where same metabolic pathway or signaling is affected, then the drugs that target the specific pathway can be used in both of the diseases irrespective of their structural dissimilarity \[[@bib0130],[@bib0210]\]. The drug that shows strong efficiency for any off-target (side effect) in one disease can be explored further i.e. the off-target binding and effect can be used as the novel indication of that drug in some other disease \[[@bib0215], [@bib0220], [@bib0225]\]. *In silico* drug repurposing approach is based on the association and/or overlaps in the disease-gene-drug paradigm. The large data about drug-disease, gene expression (microarrays) or protein-protein interactions or gene-protein interactions or signaling pathway mapping, signature matching, genome-wide association studies (GWAS) can be used for providing drug-disease gene association networking by the systematic integration and coordination of computation and bioinformatics, modeling (such as docking for structural modeling), experimentation, statistics, machine learning etc. \[[@bib0230], [@bib0235], [@bib0240], [@bib0245]\]. The various data resources are available that can be used for bio-informatics based exploration followed by experimental validation for any drug repurposing possibilities in any disease. The similar gene expression profile for drug phenotype in patients with different diseases as mapped by connectivity map (cMap), Library Integrated Network based Cellular Signatures (LINCS), expression signatures may have similar therapeutic applications \[[@bib0250], [@bib0255], [@bib0260]\]. Other important public data resources that are used for network-based drug repositioning includes gene set enrichment analysis (GSEA) for drug-drug similarity network \[[@bib0265]\]; DrugBank \[[@bib0270]\], online mendelian inheritance in men (OMIM) \[[@bib0275]\] and GEO \[[@bib0280]\] for predicting drug-disease network; KEGG \[[@bib0285]\], STRING \[[@bib0290]\], BioGrid \[[@bib0295]\], HAPPI \[[@bib0300]\] and Reactome \[[@bib0305]\] for pathway and/or protein-protein interactions; STITCH drug-gene/protein database \[[@bib0310],[@bib0315]\], TTD therapeutic target database \[[@bib0320]\], SFINX for drug-drug interactions \[[@bib0325]\]; and SIDER for drug side effects \[[@bib0330]\]. Also, the recently reported 'Drug Repurposing from Control System theory (DeCoST)' is a comprehensive platform for drug repurposing that encompasses various limitations in the previous databases like variation in number of copies of gene of interest, mutations, lack of reference for normal range of gene expression etc. in different diseases \[[@bib0335]\]. Vigorously exploited 'network-based approach' by integrating the mentioned resources for identifying potential target, pathway and drug has been reported as the most potential way for drug repositioning \[[@bib0340]\].

5. Drugs repurposed for breast cancer treatment {#sec0025}
===============================================

In the following section, we discuss the clinically approved drugs that were originally used for diseases other than breast cancer. However, these drugs are now being used or explored for breast cancer therapy. The clinically approved repositioned drugs for breast cancer are grouped based on their mode of action ([Table 2](#tbl0010){ref-type="table"} ). These drugs are diverse in terms of their chemical structures ([Fig. 1](#fig0005){ref-type="fig"} ).Table 2A list of repositioned drugs approved for breast cancer treatment.Table 2DrugBreast cancer stageMechanismOriginal indicationCategoryChemical nameCommercial nameAlkylating agentCyclophosphamideCytoxan, Clafen, NeosarEarly and advancedInhibits DNA replication by damaging genetic material of the cellAs immuno-modulator in autoimmune diseasesThiotepaThioplex, Tespa, Thiophosphoamide, TSPA, TepadinaEarly and advancedImmunosuppressantAnthracyclinsDoxorubicinAdriamycin, Caelyx, RubexAdvancedDNA intercalationAntibiotic from *Streptomyces peucetius* bacteriumAntimetaboliteCapecitabineXelodaMetastatic and advancedFalse building block incorporation during cell growthColon cancerFluorouracilAdrucil, CaracEarly, advanced and metastaticKeratoacanthomas, actinic keratosis, and skin wartsGemcitabineGemzarMetastatic and advancedAnti-viral drugMethotrexateMexate, Folex, RheumatrexEarly and advancedLeukemiaCDK 4/6 inhibitorPalbociclib, PalbonixIbranceER+, PR+, HER2-, advancedInterferes with cell cycleCDK 4/6 inhibitorHT-SERMTamoxifenNolvadex, Apo-Tamox, Tamifen, SoltamoxER+, PR+, advancedBinds to ERAlbright syndrome, ovulation inductionToremifeneFarestonER+, PR+Infertility with an ovulatory disordersRaloxifeneEvistaER+, PR+Osteoporosis in postmenopausal womenHT-Aromatase inhibitorExemestaneAromasinER+, PR+Lowers estrogen amountOvulation inductionLetrozoleFemaraER+, PR+, early and advancedOvulation inductionAnastrazoleArimidexER+, PR+, advancedOvulation inductionHT-SERDFulvestrantFaslodexER+, PR+, HER2-, advancedER degradationAntiestrogenHT-LHRH agentGoserelinZoladexER+, PR+, earlyReduces amount of estrogenProstate cancer, uterine fibroids, assisted reproductionmTOR inhibitorEverolimus, Votubia, EvertorAfinitorHER2+, HER2-Interferes with mTOR kinaseImmunosuppressant during organ transplants, wound healingMitotic inhibitorDocetaxelTaxotereEarly and advancedInterferes with cell divisionHormone-refractory prostate cancerPaclitaxelTaxol, OnxolEarly and advancedOvarian cancer, atrial restenosisVinblastineVelban, Velsar, Adria, VelbeAdvancedInterferes with genesHodgkin lymphoma, non-Hodgkin\'s lymphoma, histiocytosis[^2]Fig. 1Chemical structure of clinically approved drugs repositioned for breast cancer treatment.Fig. 1

5.1. Alkylating agents {#sec0030}
----------------------

These are DNA damaging agent that alkylate the guanine base thereby rendering them unable to bind to complementary strand. This leads to inhibition of DNA replication and cancer cell growth. The alkylating agents affect all phases of cell cycle. Cyclophosphamide is a known immuno-modulator that inhibits the suppressive regulatory T cells and enhances the effector T cells in tumor microenvironment. It shows the biphasic effect i.e. at low doses it imparts the immuno-suppressive function and at higher doses it functions as an alkylating agent leading to the death of tumour as well as the lymphoid cells \[[@bib0345],[@bib0350]\]. Usually 600 mg/m² cyclophosphamide is intravenously (IV) administered to breast cancer patients in combination with other chemotherapeutics (Docetaxel, Paclitaxel, Doxorubicin). The recommended regimens for robustly healthy breast cancer patients include 6 cycles of cyclophosphamide, methotrexate and 5-fluorouracil (CMF) or 4 cycles of adriamycin and cyclophosphamide (AC) \[[@bib0355],[@bib0360]\].

Thiotepa is a derivative of N,N\',N"-triethylenephosphoramide (TEPA) that was launched (1953) as immunosuppressive drug for transplantation in hematological diseases \[[@bib0365]\]. Subsequently, the drug was recommended for solid tumors in 1959 \[[@bib0370]\] and for breast cancer (0.3 to 0.4 mg/kg IV repeated every 1--4 weeks) in 1963 \[[@bib0375]\]. Thiotepa in combination with Vinblastine, Adriamycin, and Halotestin (VATH) was effective in patients with relapse after adjuvant therapy and in metastatic breast cancer patients \[[@bib0380]\].

5.2. Anthracyclins {#sec0035}
------------------

Anthracyclins are antibiotics that intercalates between the adjacent base pairs of DNA in such a manner that it forms anthracyclin-DNA-TopoisomeraseII ternary complex. The ternary complex disrupts the resealing activity of enzyme leading to inhibition of DNA and RNA synthesis in highly replicating cancer cells \[[@bib0385],[@bib0390]\]. Some of the common anthracyclins are doxorubicin, daunorubicin, epirubicin and idarubicin. These are generally extracted from Streptomyces bacterium. Approved for medical use in 1974, doxorubicin (14-hydroxylated version of Daunorubicin) \[[@bib0395]\] was originally extracted from *Streptomyces peucetius* \[[@bib0400]\]. There was a long lapse of 20 years between first clinical usages of anthracyclins to their proven relevance in breast cancer treatment. However, once established the chemotherapeutic regimens that contained doxorubicin \[usual dose: 60--75 mg/m² intravenously (IV) every 21 days\] were used regularly with dose-intense and dose-dense schedules. Some of the regimens containing doxorubicin are AC (adriamycin, cyclophosphamide), TAC (taxotere, AC) and FAC (5-fluorouracil, AC) \[[@bib0405]\]. Unlike doxil (the PEGylated form of doxorubucin), myocet is the non-PEGylated liposomal version of doxorubicin that is approved for treatment of metastatic breast cancer in combination with cyclophosphamide in Europe and Canada \[[@bib0410]\].

5.3. Antimetabolites {#sec0040}
--------------------

Antimetabolites are the chemo-drugs that interfere with the metabolic pathways in the cancer cells primarily by acting as structural analogues to important cellular metabolites. 5-Flourouracil (5-FU) is a pyrimidine antimetabolite, an uracil analogue that inhibits the activity of thymidylate synthetase by converting 5-FU to FdUMP and FUTP, instead of uracil to thymidine conversion. Therefore, 5-FU not only inhibits the DNA synthesis in the cell but also inhibits RNA synthesis due to FdUTP incorporation in RNA; leading to highly toxic effects on the growth of rapidly multiplying cells like cancer cells. Klein and colleagues introduced 5-FU for medical use in 1962 for the treatment of self-healing, squamous cell tumors of skin i.e. keratoacanthomas (KAs) \[[@bib0415]\]. 5-FU was subsequently used for other cancer types including breast cancer \[[@bib0420]\]. General drug dosage of 5-FU is 500 mg/m^2^ or 600 mg/m^2^ IV on day 1 and day 8 of every 28-day cycle (six cycles in total). Lokich et al (1985) first introduced the infusion of 5-FU in combination with methotrexate (M) for breast cancer \[[@bib0425]\]. Since then various regimes of combination therapy containing 5-FU (F) with other drugs like doxorubicin (A), cisplatin (C), cyclophosphamide (CX) and epirubicin (E) (ECF, CMF, CAF) have been continuously used for treating metastatic breast cancer \[[@bib0430]\]. The other combinations such as 5-FU with paclitaxel in 1998 \[[@bib0435]\] and high dose 5-FU/paclitaxel with doxorubicin \[[@bib0440]\] were found successful for breast cancer treatment.

Methotrexate is a folate/folic acid antagonist that binds to the dihydrofolate reductase (DHFR) enzyme and inhibits the synthesis of building blocks of DNA and RNA itself. Folic acid is converted to dihydrofolate by DHFR, which is then reduced to tetrahydrofolate (THDF) for further action by thymidine synthetase. Methotrexate binding to DHFR decreases the synthesis of purines and pyrimidines in the cells that inhibits the cell cycle progression in S-phase. Methotrexate was discovered in 1940s as a substitute to folic acid, because the cases with decreased leukemic cell count (acute lymphoblastic leukemia) due to dietary deficiency of folic acid were being presented in clinics \[[@bib0445],[@bib0450]\]. Methotrexate was first shown to remit breast cancer in 1951 by Jane C Wright \[[@bib0455]\]. In 1960s and 1970s, methotrexate was being used as single cytotoxic agent for advanced breast cancer treatment \[[@bib0460]\]. However, Gianni and Bonadonna group (1976) showed the first treatment with 12 cycles of CMF combination in 400 mastectomised women with advanced cancer and positive lymph nodes and reported only 5.3% treatment failure with acceptable toxicity \[[@bib0465],[@bib0470]\]. In fact, CMF regimen was the first ever schedule for breast cancer treatment. Further, CMF was found to be equally effective even at 6 cycles. Immunosuppressive activity of Methotrexate has been explored for its clinical use in autoimmune diseases like rheumatoid arthritis \[[@bib0475]\]. General dosage of CMF regimen is defined as 6--8 cycles of cyclophosphamide (600 mg/m^2^); methotrexate (40 mg/m^2^), and fluorouracil (600 mg/m^2^) at 14-day intervals.

Capecitabine, a pro-drug for 5-FU, is another pyrimidine antimetabolite. The conversion of capecitabine to 5-FU requires the three systematic enzymatic reaction cascades through intestine, liver and tumour cells. The enzyme that catalyzes the last step of conversion is highly expressed in tumour cells as compared to the normal cells. Therefore, the tumour selective conversion of capecitabine to 5-FU prevents the systemic exposure of body to 5-FU \[[@bib0480]\]. Also, capecitabine is easier to administer and safer than 5-FU with better efficacy. The capecitabine was first used against colon cancer in 1998 \[[@bib0485]\]. Capecitabine (1250 mg/m2 given orally twice daily for 14 days followed by a 7-day rest period in a 21-day cycle for 8 cycles) is generally used to treat paclitaxel or docetaxel resistant advanced and metastatic breast cancers \[[@bib0490]\]. It is used either alone or in combination with cabazitaxel \[[@bib0495]\], vinorelbine \[[@bib0500]\] or ixabepilone \[[@bib0505]\].

Gemcitabine is a pro-drug that gets tri-phosphorylated inside the cell (dFdCTP) by sequential enzyme catalyzed reactions. This dFdCTP masquerades as an analogue of cytidine and gets incorporated in the newly synthesized DNA generating irreparable error that inhibits DNA replication leading to cell death \[[@bib0510],[@bib0515]\]. Gemcitabine was primarily manufactured in 1980 by Larry Hertel\'s group at Eli Lilly and Company to be used as an anti-viral drug against enteroviruses \[Coxsackievirus B3 (CVB3)\]. The drug was also used against CVB3, EV71, human rhinoviruses (HRVs), human immunodeficiency virus (HIV), hepatitis C virus (HCV), poliovirus, influenza virus, ZIKV and MERS-CoV \[[@bib0520],[@bib0525]\]. It was then pre-clinically tested for its anti-tumour attribute. The drug was approved by FDA for pancreatic cancer in 1995 \[[@bib0530]\] and for non-small lung cancer in 1998 \[[@bib0535]\]. Finally, Gemcitabine was approved for metastatic breast cancer in 2004 in combination with paclitaxel \[[@bib0540],[@bib0545]\]. After anthracycline-containing adjuvant chemotherapy failure, gemcitabine (1250 mg/m² IV infusion over 30 min on Days 1 and 8 of each 21-day cycle) and paclitaxel (175 mg/m² on Day 1 as a 3 h infusion before gemcitabine) combination is used as the first-line of treatment against metastatic cancer. Other combinations such as gemcitabine/vinorelbine (GemVin), gemcitabine/cisplatin (GemCis), gemcitabine/capecitabine (GemCap) have also shown increased response rate and overall survival in pretreated metastatic breast cancer patients \[[@bib0550]\].

5.4. CDK4/6 inhibitor {#sec0045}
---------------------

Palbociclib is a CDK4/6 inhibitor that halts the progression of cells from G1- to S-phase. Palbociclib (125 mg, 28-day cycle with aromatase inhibitor) is used as the targeted therapy against ER^+^/HER2^−^ advanced and metastatic breast cancer in conjunction with hormone therapy. The open label PALOMA (Palbociclib: Ongoing Trials in the Management of Breast Cancer) clinical trials were designed recently with either aromatase inhibitor (letrozole) (PALOMA-1 or PALOMA-2 Trials) \[[@bib0555],[@bib0560]\] or Fulvestrant hormone therapies (PALOMA-3 trails) \[[@bib0565]\]. An improvement in the overall survival of metastatic breast cancer patients was reported in PALOMA-3 phase III clinical trials. Inhibiting CDK4/6 activity delays the resistant to hormone therapy and significantly improves the progression free survival (PFS) of patients \[[@bib0570],[@bib0575]\].

5.5. Hormone therapy or endocrine therapy {#sec0050}
-----------------------------------------

The hormonal therapy or endocrine therapy is usually given for 5--10 years. This therapy either directly targets the hormone (estrogen and/or progesterone) production or negatively regulates the functional effects in hormone sensitive breast cancer patients (ER^+^ and/or PR^+^).

Selective estrogen receptor modules (SERMs) serve as anti-estrogens by binding to the hormone receptors as antagonists. The widely used SERMs that have been repositioned as breast cancer drugs are tamoxifen (1977), toremifene (1997) and raloxifene (2007). Tamoxifen is the oldest SERM that has been in use for more than 30 years for early stage breast cancer treatments in pre-and post-menopausal women. Toremifene and raloxifene are equally effective but safer alternatives of tamoxifen that are used in only post-menopausal women with advanced breast cancer \[[@bib0580],[@bib0585]\]. Multiple Outcomes Raloxifene Evaluation (MORE) clinical trial was an osteoporosis treatment trial in postmenopausal women, with secondary objective of evaluating the effects on breast cancer risk reduction. MORE lead to the designing of further clinical trials such as Continuing Outcomes Relevant to Evista® (CORE), Raloxifene Use for The Heart (RUTH), and Study of Tamoxifen and Raloxifene (STAR) \[[@bib0590]\].

Aromatase inhibitor hormone therapy is administered only in post-menopausal women to treat ER + early and/or late stage breast cancer \[[@bib0110]\]. It acts on the aromatase enzyme that still produces estrogen hormone in fat tissue of post-menopausal women or women without active ovaries. Thus, the aromatase inhibitor reduces the amount of estrogen in post-menopausal women with breast cancer that would otherwise feed the breast cancer cells for further growth. The aromatase inhibitors (anastrazole, exemestane and letrozole) were initially used for ovary stimulation and induction of ovulation in infertile females or polycystic ovary syndrome. Aromatase inhibitors can be used as neoadjuvant or adjuvant therapy, mostly alone or in combination, which were introduced as an alternate to tamoxifen in postmenopausal patients \[[@bib0595]\].

Selective estrogen receptor degrader (SERD) such as fulvestrant, are pure anti-estrogens that blocks estrogen receptor and degrades the receptor without any agonist effect \[[@bib0600]\]. Fulvestrant was first used in 2002 as a 'SERD hormone therapy' against HR^+^ HER2^−^ advanced and metastatic breast cancer in post-menopausal women that were resistant to other hormone therapy \[[@bib0605]\]. It is used in combination with CDK4/6 inhibitors like palbociclib (PALOMA-3) and ribociclib (MONALEESA-3) and anti-PI3K/AKT/mTOR pathway drugs such as pictilisib (FERGI) and buparlisib (BELLE-2 and BELLE-3) \[[@bib0610]\].

Luteinizing hormone releasing hormone (LHRH) analogs interfere with the signaling mechanism that activates the estrogen synthesis in ovaries causing temporary menopause. In 1987, goserelin was used for the assisted reproduction and prostate cancer treatment. Goserelin was then approved for the treatment of pre-menopausal women with hormone sensitive breast cancers in 1989. It is used alone or in combination with other hormone therapies \[[@bib0615]\]. Goserelin is currently under Phase II clinical trial as an additional drug into the standard neoadjuvant therapy for TNBC patients. The goserelin phase II trial is expected to complete by 2023 \[[@bib0620]\].

5.6. mTOR kinase inhibitor {#sec0055}
--------------------------

Everolimus is an mTOR kinase inhibitor that inhibits the PI3K/AKT/mTOR signaling pathway. Everolimus was originally approved for renal cancer in 2009, as immunosuppressant during renal transplants in 2010 and for pancreatic cancer in 2011. A phase III clinical trial 'Breast Cancer Trial of Oral Everolimus-2 (BOLERO-2)' that included everolimus in combination with exemestane was successfully completed in 2012 leading to the approval of everolimus by US FDA for the treatment of HR^+^, HER2^−^ advanced metastatic cancers that are resistant to letrozole or anastrazole \[[@bib0625],[@bib0630]\].

5.7. Mitotic inhibitor {#sec0060}
----------------------

Mitotic inhibitors terminate the cell division or mitosis by disrupting the microtubule dynamics. This leads to G2/M phase cell cycle arrest or inhibition of spindle formation. Some of the common examples of mitotic inhibitor include docetaxel, paclitaxel and vinblastine. While docetaxel and paclitaxel induces G2/M cell cycle arrest, vinblastine is known to inhibit spindle formation.

Docetaxel and paclitaxel are used as neoadjuvant or adjuvant therapy as single agent or in combination with other chemotherapeutic agents for the treatment of early, advanced and metastatic breast cancer in pre- and postmenopausal women. Paclitaxel was isolated from pacific yew in 1971. It was used as drug for arterial restenosis. Docetaxel and paclitaxel were initially used as therapeutics in prostate and ovarian cancer (1992) respectively. Thereafter, docetaxel (75 mg/m² IV 1 h after doxorubicin and cyclophosphamide 3 Weeks x 6 cycles) and paclitaxel (175 mg/m² IV over 3 h 3 weeks 4 times with doxorubicin-containing regimen) were repositioned as chemotherapy adjunct in breast cancer treatment regimen \[[@bib0635], [@bib0640], [@bib0645]\]. Taxanes are now used as the part of standard chemotherapy in metastatic breast cancer. Numerous combinatorial chemotherapy containing taxanes are used in routine practice for treating breast cancer by clinicians around the globe \[[@bib0650]\].

Vinblastine is a naturally occurring Vinca alkaloid found in white flowered periwinkle, *Vinca rosea*. This was discovered by Robert Noble and Charles T Beer in 1958. The discovery of vinblastine is a beautiful example of serendipity in drug development. The group rather aimed to evaluate the anti-diabetic effect of extract in rats and observed Pseudomonas mediated septicemia that was accompanied with the rapid WBC fall and granulocytopenia. Further study in this direction showed peripheral granulocytopenia and leukopenia in *Vinca rosea* extract treated rats. Finally, they reported carcinostatic activity of *Vinca rosea* extract/vinblastine in rats with transplantable mammary adenocarcinoma and sarcoma \[[@bib0655],[@bib0660]\]. Vinblastine was approved for lymphoma in 1965. Also, since 1980s, vinblastine (2--4 mg/mm^2^ IV once weekly or every other week) in combination with mitomycin or MVP (mitomycin C, vinblastine and cisplatin) has been used as chemotherapy against advanced and metastatic breast cancer \[[@bib0665],[@bib0670]\].

6. Future perspectives and challenges {#sec0065}
=====================================

With a drastic increase in the number of new cases, the cost of the cancer treatment is rising even at a higher speed. This is because the disease demands molecular dissection at gene and protein level to find newer strategies, appropriate targets and corresponding drugs. This requires a lot of time and the use of high-end techniques by pharmaceutical companies thereby increasing the overall financial investments and eventually the cost of the drug \[[@bib0675]\]. The antibody-based immunotherapies or cell-based CART therapy, DC vaccine, ACT types of drug treatment might prove promising. However, these therapies are unaffordable by most patients in developed as well as developing countries. This necessitates the development of drugs with higher efficacy, lower side effects and practically lower cost. One of the smart ways is to repurpose an old, existing and approved drug for a newer indication. The advantage of this approach is that the approved drugs have existing information about molecular targets, off- targets, modes of action, safety level and side effects. This would not only save a lot of time that is otherwise required for discovery, designing, clinical trials and approvals of a new drug but also reduce the overall cost of anti-cancer drug. This will cut the cost involved in preclinical development and phase I trial. Further, the old drugs would be off-patent and hence cheaper than the initial costs.

In this article, we discussed in detail the advantages of drug repurposing for breast cancer treatment. We provided several drugs that have been successfully repurposed for breast cancer treatment. The triple negative breast cancer (TNBC) is highly heterogeneous, aggressive and complex form of breast cancer without expression of ER, PR, or HER2 receptors. TNBC is untreatable with regular hormone therapy. However, the combination of chemotherapies and the drug repositioning approach has offered promising outcomes by preclinical studies.

Flunarizine, a N-Ras inhibitor, has been approved for migraine or vertigo. Flunarizine has also shown promise in TNBC mouse models by inducing autophagy \[[@bib0675]\]. A recent publication showed that the combination of Metformin and Hemin, used for Type 2 diabetes or porphyria respectively, could inhibit the growth of breast cancer cells. Bioinformatics tools revealed that the BACH1 expression is significantly elevated in TNBC and the Hemin sensitizes the TNBC to metformin-mediated degradation of BACH1 \[[@bib0680]\]. The completion of repurposing drug in oncology (ReDO) project has provided evidence for the new uses of 6 drugs for breast cancer. Originally these were discovered for indications other than breast cancer \[[@bib0685]\]. These drugs include mebendazole (anti-helminthic), cimitedine (anti-acid), nitroglycerins (heart attack preventing), itraconazole (anti-fungal), and diclofenac (anti-inflammatory).

Other drugs such as L-NMMA (tilarginine acetate, a nitric oxide synthase inhibitor) \[[@bib0690]\], pro-viral integration moloney virus kinase (PIM)-1 inhibitors (olaparib) \[[@bib0695]\], L-asparginase \[[@bib0700]\], and fenofibrate \[[@bib0705]\] are being repurposed for breast cancer. These drugs were originally used in patients with cardiogenic shock, against viral infection, leukemia, helminthic infection, and in patients with high serum cholesterol and triglycerides, respectively.

Implementation of network pharmacology in examining the potential of natural herbs i.e. ayurvedic formulations and traditional chinese medicines (TCM) are also clinching the attention of researchers for anticancer drug repositioning. These are based on multi-targeted synergistic drug approach instead of one target-one drug approach and thus appear to be promising for breast cancer therapy.

The integration of super-computation, simulations, network pharmacology and bioinformatics can detect the target and efficacy of herbs. Triphala is the mixture of at least 1500 ayurvedic formulations meant for the treatment of many diseases. The bioactive-target-pathway-cancer type networking revealed the link of triphala with 24 cancer types including breast cancer through 13 bioactive and 17 targets. This information can be explored further for either bioactive- or target-based drug repositioning and/or new drug development.

However, some challenges and concerns associated with drug repurposing for breast cancer therapy require thorough consideration. The breast tumor heterogeneity, poorly defined molecular signatures, and poorly identified drug dosage provides a roadblock to the drug repurposing. Moreover, the current strategies often ignore tumor grade. It is crucial to search the new therapeutic strategies for certain very stringent and hard to treat molecular subgroups of breast cancers such as basal subtype, TNBC, MBC and tumors resistant to standard treatment therapy. The molecular alterations in TNBC, MBC, and resistant tumor types should also be thoroughly investigated. Aforementioned BACH1 inhibition by targeting the energy generating mechanism of rapidly growing cells is indeed the novel approach against otherwise resistant- breast cancer. Understanding and targeting the tumour microenvironment instead of tumor itself appears more promising in detailing the heterogeneity in breast cancer patients. The overlapping area that consists of tumour and normal cells in tumor microenvironment should be thoroughly characterized at the molecular level \[[@bib0710],[@bib0715]\]. Identifying the molecular basis of super-responders and non-responders also holds valuable insight for deeper exploration \[[@bib0720]\]. Another area that needs attention while strategizing drug repositioning for breast cancer is personalized medicine i.e. to extend the repositioning strategy to treat upto single patient design, as the patients under same molecular subgroup often presents further variations leading to unexpected response. Structurally similar drugs may, at times, target functionally dissimilar protein hence pathway driven repurposing strategy is better for multi-targeted diseases like cancer. The orphan drugs generally have short or no patent and thus repurposing them is associated with lower cost. Repurposing the off-patent drugs eventually blocks the patenting rights on repurposed drug and hence future investors \[[@bib0725]\]. Inclusion and exclusion criteria for the selection of trial group for repurposed drug is very crucial as different physiological responses are anticipated in comparison to the original group. For example, the pregnant women (first trimester) with cancer are excluded for thalidomide treatment due to risk of Amelia and phocomelia \[[@bib0730]\]. Drug companies that expand the repositioning in similar therapeutic areas, such as reusing ovarian cancer drug as breast cancer drug, had success rate of 67% in comparison to 33% success rate when explored in different area \[[@bib0735]\]. A comprehensive, large-scale data mining and research is required before jumping on to actual repurposing procedure in order to save the time and finances because smallest of errors in computation or simulations can mislead the entire study. Faultless selection of most relevant pharmacological target using most appropriate database (TCGA and METABRIC) for data mining and accurate repurposing strategy is indispensable for the successful drug repositioning for breast cancer. Repurposed drugs mainly include the Phase III clinical trial, which still is the most challenging phase due to the longest duration, huge investments and inclusion of largest number of patients as compared to the Phase I and Phase II clinical trials. The repurposed drug for breast cancers usually does not work in monotherapy but as poly-pharmacology/combinations. The PARP inhibitors are synthetic lethal with BRAC2 mutation \[[@bib0740]\]. Hence, initially proving the repurposed drug efficacy as single drug agent becomes difficult. The toxicity of repurposed drug in pretreated patients or in combination therapy is unknown. For example, Valproate-doxorubicin treatment caused toxicity-induced death of two patients in a group of 16 cancer patients \[[@bib0745]\]. The overall success rate of development of new drugs (6%) and repositioning of drugs does not vary much as the ultimate efficacy remains same \[[@bib0750]\]. Also, the repositioned drug anyhow requires clinical re-assessment for optimizing its efficacy and cytotoxicity if the route of administration or drug dosage is different from the older indication; thereby increasing the overall cost of repositioning scheme. Nonetheless, the animal model used for drug testing does not represent the exact patient phenotype and hence is less predictive of efficacy in real \[[@bib0755]\]. Despite many benefits of drug repositioning, much attention is required to lower the drug dosage and toxicity without mitigating efficacy and resolve above discussed limitations for cost effective and more efficient drug development.

7. Concluding remarks {#sec0070}
=====================

In this article, we have comprehensively explained the current scenario of repurposed drugs for breast cancer. We have discussed in detail the need and strategies of drug repositioning in breast cancer and several classical examples of drugs that have been repositioned as breast cancer chemotherapy. The futuristic potential of non-cancer drugs that are under investigations for breast cancer as well as the challenges and bottlenecks of drug repositioning were also discussed. We thus conclude that comprehensive approach of selecting the most appropriate gene-protein-pathway-target-drug modeling via integration of system biology and bioinformatics holds the high potential of providing more efficient, safer and cost-effective chemotherapeutics for treatment of even the most stringent forms of breast cancer (metastatic and triple negative). The scientists, researchers and clinicians must continue to work together for extension of the present pharmacological databases, multi-omics and bioinformatics tools. We hope that this will lead to the development of novel drugs and eventually fighting the deadly breast cancer.
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[^1]: Abbreviations: CDK: cyclin-dependent kinase; TNBC: triple negative breast cancer; PD-L1: programmed death-ligand 1; VEGF: vascular endothelial growth factor; HER: human epidermal growth factor receptor 2; ERD: estrogen receptor downregulator; SERM: Selective estrogen receptor modulator; ER: estrogen receptor; PR: progesterone receptor; LHRH: luteinizing hormone-releasing hormone; HT: hormone therapy.

[^2]: Abbreviations: CDK: cyclin-dependent kinase; ERD: ER down-regulator; LHRH: luteinizing hormone-releasing hormone; SERD: selective estrogen receptor degrader; SERM: selective estrogen receptor modulator; ER: estrogen receptor; PR: progesterone receptor, HER: human epidermal growth factor receptor.
